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[1]
Toroidal magnetic behaviour has thus far been observed with complexes having anisotropic ions due to the non-collinear arrangement of the spins. [2] If two molecular triangles exhibiting toroidal states are connected via a linker, such as a 3d ion, then this offers the possibility of observing coupling between the two toroidal moments resulting in ferrotoroidicity, which can be utilized for the design of molecule-based multiferroics.
[3] Recently, we have discovered a heterometallic heptanuclear complex of type {Cr III Dy III 6} in which two Dy III 3 triangles are linked by an octahedral Cr III ion. [4] This compound is the first species to display a ferrotoroidal moment in the ground state brought about by conrotation (rotate in the same direction) of the local {Dy3} toroidal quantum states. While toroidal and ferrotoroidal systems have been detailed for Dy III ions, this behaviour has not been confirmed for other lanthanide ions as a variation in the orientation of the g-anisotropy is expected. Particularly if the ground state electron density of the lanthanide ion is switched from oblate to prolate then this may have a significant consequence on the expected toroidicity. Therefore, a key question in regard to the heptanuclear compound was whether the Ln III Single crystal X-ray analysis reveals that 1 -3 are isostructural, crystallizing in the triclinic space group, P-1 (see Table S1 in SI for full crystallographic details). Each complex contains a heptanuclear core consisting of a single Cr III ion and six Ln III ions (Figure 1 for 1 and Figure S1 for 2 and 3) (2) and 30 Nβ (3 at 2 K and 5 T, without saturation in M, the shapes being indicative of low lying, closely spaced energy levels being thermally populated ( Figure S3 ). We note that the S-shaped dependence of M vs H, at 2 K, which is characteristic (but not always seen [3c] ) for a molecule possessing a toroidal magnetic moment [1] was not observed in these cases (See Figure S4 for To check for slow magnetisation reversal (i.e. possible SMM behaviour) ac susceptibility measurements were performed. No outof-phase signal was found for 1-3 in the absence of a static dc magnetic field. However, in an optimum dc field of 3000 Oe, frequency dependent maxima were clearly evident below ~4 K for 1 ( Figure S5 , left) and 3 ( Figure 3 , left) indicative of field induced SMM behaviour (no signal observed for 2). The Cole-Cole plots between 1.8 K to 4 K suggest two relaxation processes for both 1 and 3 ( Figures S5 and 3 , right). Fitting the data allowed for the extraction of the relaxation times and an Arrhenius plot (ln() vs T -1 ) yielded; Ueff = 12.3 K and o = 6.3 x 10 -8 s for 1 and Ueff = 4.5 K and o = 9.1 x 10 -8 s for 3 for the temperature dependent process.
[5] The second process in each case is found to be nearly temperature independent, thus indicative of relaxation via quantum tunnelling of the magnetization (QTM) ( Figure S6 ). We are aware that variations in the dc bias field can lead to different relaxation mechanisms becoming operative including intermolecular effects and dilution studies were in part aimed to check this. [6] Measurements on magnetically dilute samples 1d -3d (10% paramagnetic ion in a diamagnetic {AlLu6} matrix -see ESI for details) were also performed using the same dc bias field. Interestingly we find the relaxation times increase for 1d yet decrease for 3d ( Figures S8 and S9) . No out-of-phase signal is again observed for 2d. Micro-SQUID measurements on single crystals of 1-3 were studied at many temperatures and sweep rates. [7] When the field is applied between the {Ln III 3} triangles along the Ln-Ln bond hysteresis is observed below 0.03 K for 1 (CrTb6) and 2(CrHo6) but not for 3 (CrEr6) (Figures 4 and S10-S12), with the coercive field widening on cooling (Hc= 0.4 T at 0.03 K, with a sweep rate of 0.14 T/s). Comparing these data to the {CrDy6} analogue [4] we find the absence of steps at a particular magnetic field indicative of toroidal behaviour. As both the Ho III and Tb III species are non-Kramers in nature, greater tunnelling between the levels is expected and this could perhaps mask the expected steps in the single crystal measurements. This suggests that further detailed studies such as NMR are needed to prove/disprove the predicted SMT behaviour by means of ab initio methods (see below). Complex 2 shows higher coercivity compared to complex 1 and this is mainly attributed to the difference in the magnetic exchange computed (see theoretical section below). We performed ab initio CASSCF calculations on 1-3 with MOLCAS 8.0 [8] (see SI for details), a method that is successful in interpreting the magnetism of lanthanide complexes. The results of the single ion analysis are shown in Tables S7-S9. The orientation of the main anisotropy axes in the Ising doublets of 1 and 2 and the ground KDs for 3 are shown in Figures 5 and S13 , respectively. The calculations indicate that no slow magnetic relaxation should be observed in the absence of an applied dc magnetic field, due to QTM, as is observed experimentally. Due to the large ground-to-first excited state energy gap, however, our analysis suggests that the application of a static dc field is expected to quench the QTM between the ground states for 1 -3 and allow for slow magnetic relaxation. Upon application of a bias dc field we found this to be the case for 1 and 3, but was inconclusive for 2, possibly due to the very large tunnel splitting compared to 1 ( Figure  S6 ). This was further corroborated from the dilution experiments, which better simulate the single ion cases experimentally. The presence of large QTM/tunnel splitting is supported by the CF parameters. In 1-3, the non-axial (in which q ≠ 0 and k = 2, 4, 6) terms are larger than the axial terms (in which q = 0 and k = 2, 4, 6) suggesting prominent QTM effects in the ground states (See Tables  S10 and S11) .
[9c] The magnitudes of the CF parameters of Tb are large compared to Ho and this is mainly due to the oblate and prolate characters, respectively. [10] Using the POLY_ANISO [11] program the exchange/dipolar interactions between Cr III -Ln III (J1) and nearest-neighbour Ln III (J2) sites are computed and tabulated in Table 1 (See Computational details in ESI for the Hamiltonian used and Figure 1, bottom right) . By employing the calculated exchange parameters, good fits to both B the susceptibility and the magnetization data were achieved for all complexes employing the Lines approach (Figures 2, S2 and S3) . We note the small angle (θ = 17.6 o ) between the orientation of magnetic anisotropy and the vector connecting two Ho III ions leads to ferromagnetic coupling. [12] Whereas in 1 and 3, this angle (θ) is found to be larger (39.4 o and 59.5 o ), and thus could contribute to the antiferromagnetic dipolar part of the exchange interactions. Among the three complexes the largest J values are calculated for 3 (Er III ), which has also been noted in other studies. [13] The Cr III -Ln III interactions for all three complexes are found to be antiferromagnetic in nature, which is in line with previous studies. [14] The ferromagnetic dipolar coupling between the lanthanide ions and the S6 symmetry of the complexes in 1 and 2 induce the local magnetic moments on the Ln III centres in the ground exchange state leading to a net magnetic moment, similar to that observed for the analogous {Cr III Dy III 6}. [4] In 1-3, the QTM for the exchanged coupled ground state was computed to be small (0.67 x 10 -1 (1), 0.21 x 10 -1 (2), and 0.13 x 10 -1 (3)), but the TA-QTM at the coupled first excited was found to be large (see Figures 6 and S15 ). Thus, in 1-3 the magnetic relaxation occurs via the first excited state with a small energy barrier of 0.65 cm -1 , 0.1 cm -1 and 0.4 cm -1 , respectively. This again supports the lack of an out-of-phase signal for 1-3 at 2 K in zero dc field. The exchange coupled model again predicts that the application of a 3000 Oe field will quench the QTM among the lowest lying states allowing for relaxation via higher excited states, as is observed. Moreover, in 3 a second relaxation is predicted at the excited state ( Figure S15, top) with an energy barrier of 3.5 cm -1 (5.0 K). This result is consistent with the experimental data (Figure 3 ). This relaxation process is mainly a consequence of the relatively strong Er III ··Er III and Cr III ··Er III coupling which quenches the ground state QTM allowing the relaxation to proceed via the third exited state. The direction of the local anisotropy axes on all Ln sites are shown in Figures 5 and S13 by dashed lines. For 1 and 2 due to the ferromagnetic dipolar coupling the direction of the spins along the main anisotropy axes on each Ln III ion are following each other, thus forming a circular pattern in both Ln3 triangles. Moreover, we calculate con-rotation between the two triangles, suggesting alignment of toroidal moments (a ferrotoroidal state, FT), as observed for the {Cr III Dy III 6} complex. [4] The toroidal moment is not predicted for 3. Note here that the dipolar coupling included in the fit employed a well-known dipolar Hamiltonian where the magnetic moments of all the ions and their corresponding distances are taken into consideration (see equation 1 in ref. 4 ). The ferrotoroidal ground state essentially stabilized due to the strong dipolar interactions between the {Ln3} rings and to affirm that the ground state is FT, we have simulated the magnetization data at 2 K for complexes 1 and 2 with and without the dipolar exchange. Exclusion of dipolar coupling results in the stabilization of an AFT (antiferrotoroidal) state and the simulated data deviate significantly from the experiments supporting the assignment of FT ground states for complexes 1 and 2. (see Figures S16-S17 in ESI for the M vs H data and the corresponding energy level diagram). It should be noted here, however, both 1 and 2 possess non-Kramers ions, larger tunnel splitting is expected and this is also reflected in the calculations. This larger tunnelling between the states likely to lead to a fast relaxation as witnessed in the single crystal measurement. The orientation of the main anisotropic axis can be rationalised qualitatively based on the difference in electron density of the ground state mJ levels among complexes 1-3. As the electron density of the Tb III and Ho III ions are oblate in nature (equatorially expanded) and it is the µ3-O ligands that possess the largest electrostatic charges, in order to minimize the electrostatic repulsion, the gzz axis of each Tb III and Ho III ion lies along direction of the µ3-O atoms, allowing for the electron density to lie perpendicular to the direction of the axes. This configuration results in the circular pattern and hence the toroidal moment. For 3, however, the Er III ion is prolate in nature and the electron density is axially elongated which causes the gzz axis of each ion to lie perpendicular to the {Ln3} triangle resulting in the absence of a circular pattern and, hence, no toroidal behaviour. complexes lead to a total magnetic moment of 16.3 µB and 13.1 µB, respectively, revealing a net toroidal magnetic moment in the ground state, compared to 13.9 µB for {Cr III Dy III 6}. [4] This result implies that the two toroidal moments rotate in the same direction, suggestive of ferrotoroidicity, whereas if they were to rotate in opposite directions the net toroidal moment would be ~0 μB. Similar to our earlier studies on the {Cr III Dy III 6} complex, [4] we have analysed the inter-triangle dipolar-induced splitting between the FT ground state and the AFT first excited state and it is estimated to be [4] This energy is computed to be 4.5 cm -1 for complex 2 and it is 0.9 cm -1 for complex 1. A large gap computed for 2 is in agreement with larger coercitivy observed for complex 2 compared to complex 1 at 0.03 K in single crystal measurements. As the dipolar coupling between the {Ln III 3} triangles dominate the energy levels, the FT state is expected to be the ground state independent of the nature of Ln III -Cr III coupling. Such dipolar coupling interactions between lanthanide ions have been noted for several Dy III based magnets. [14a, 15] Thus, for the first time we have predicted toroidal behaviour in Tb III and Ho III systems; firstly, at the local {Ln3} triangular level and, secondly, the local toroidal moments are found to couple in a conrotating manner. Moreover, the ground state gap between the FT and AFT state is found to increase in {Cr III Tb III 6} (0.65 cm -1 ), compared to {Cr III Dy III 6} (0.28 cm -1 ), [4] but decreases for{Cr III Ho III 6} (0.1 cm -1 ). The inter-ring dipolar coupling between Ln III ions splits FT and AFT states. As the magnitude of the exchange coupling estimated here is different compared to {CrDy6} reported [4] and complex 1 possesses a slightly large Jdip, this leads to the observation of larger FT-AFT gap for complex 1 compared to others. This could also be qualitatively attributed to the stronger oblaticity exhibited by the mJ=±6 state of Tb III ion compared to the mJ=±8, mJ=±15/2 of Ho III and Dy III ions, respectively. In summary, three heptanuclear {Cr III Ln III 6} (Ln= Tb (1), Ho (2) and Er (3)) complexes have been synthesised, structurally characterized, and magnetically and theoretically analysed for their SMM and SMT behaviour. The ab initio calculations are found to be in line with the experimental magnetic data, with 1 -3 displaying SMM behaviour, only in the presence of an applied static dc field. Importantly, ab initio calculations suggest toroidal moment behaviour for the {Cr III Tb III 6}
and {Cr III Ho III 6} complexes, with the ground toroidal state being the rotation of two toroidal moments in the same direction within the molecule. Moreover, we find an enhanced FT-AFT gap for 1 compared to the previously studied {CrDy6} complex. This is the first time single molecule toroidal behaviour has been predicted for Tb and Ho systems, with the results indicating the likelihood of ferrotoroidicity, a rare and much sought after property in the design of multiferroic materials. Although the ab initio calculations with the proposed FT state reproduce the low temperature magnetization successfully, strong experimental observations for such toroidicity is still lacking and further experiments to probe the toroidal behaviour using other techniques is underway in our laboratory. 
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